A method is described for estimating quantitatively the frequency of transformation of pneumococci to new capsular types. It is found that, when S-m cells are exposed to deoxyribonucleic acid (DNA) from wild-type I strains, transformation to SI occurs at a frequency 20 to 60 times that of transformation to the binary type SI-III. SI markers on DNA isolated from binary strains behave qualitatively and quantitatively in a different manner from the same markers on DNA from wild-type I strains and will transform S-m cells only to SI-Ill. Strains are described which produce only one capsular polysaccharide, but which are genetically binary and carry a second capsular genome with a mutated gene so that the second polysaccharide is not produced. Stability and other characteristics of binary strains are discussed, and one hypothesis for the genetic organization of binary strains is presented.
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After exposure of noncapsulated mutant cells derived from type III pneumococcus to deoxyribonucleic acid (DNA) extracted from wild-type I pneumococcus, two types of transformed cells are recovered: SI cells and binary capsulated SI-III cells (1) . It has been shown (2) that transformation to SI results from the exchange of the capsular genome in the recipient noncapsulated (S-_I) cells with the capsular genome in the DNA, whereas SI-III cells arise from the coexistence in the transformed cell of the SI capsular genome from the DNA and the mutated SIII capsular genome of the recipient cell. (In the interests of brevity, the term "capsular genome" is used throughout this paper to mean the closely linked genes controlling the production of capsular polysaccharide. The term is used to designate this gene cluster both in the intact bacterial chromosome and in preparations of transforming DNA.) A study of the biochemical pathways leading to the production of type I and type III polysaccharides has elucidated the mechanism whereby SI-III cells and other binary cells can produce type III polysaccharide despite lack of repair of the mutated locus (2) . The problem of the relation of the DNA of the second capsular genome to the chromosome of the recipient cell remains to be solved.
In attempting to study the problem, it seemed of primary importance to know whether the recipient cell or some property of the transforming DNA determines whether genetic exchange to give SI transformants or addition to give SI-III cells will result from the above-mentioned transformation reaction. To gain information on this question, transformation reactions were carried out in which the SI capsular genome was transferred sequentially through many recipient strains and the behavior of the DNA isolated at each step was studied. The results indicate that it is a property of the DNA that determines the outcome in the original transformation reaction.
QUALITATIVE DIFFERENCES IN TRANSFORMING DNA will be designated as S followed by a Roman numeral indicating capsular type. The thesis will be developed that capsular strains of the same phenotype may differ genotypically. Therefore, capsulated strains with DNA which behaves like that from wild-type strains will have a superscript + following the Roman numeral, and strains with DNA which behaves atypically will have a superscript A following the Roman numeral.
Noncapsulated variants will be designated as Sfollowed by a Roman numeral subscript denoting the capsular type from which the mutant was obtained and, when necessary, an Arabic subscript to designate the strain number. Binary capsular types will be indicated phenotypically by S followed by two Roman numerals separated by a hyphen, indicating the capsular polysaccharides they produce. The genotype of such strains will be indicated by the designation of the parent strain (which is unchanged in binary strains) followed by a Roman numeral indicating the capsular type of the second capsular genome. Thus, strain S-III4IA is strain 4 of the S-III genotype transformed by DNA from a type I strain. The phenotype of this strain is SI-III.
Strains of pneumococci. Most of the strains employed in these investigations have been described in previous publications (1, 2) . Additional strains used were: (i) S-_J, strain R36NC and strain R36A or its derivative R6 (strain R6 was obtained from R. Hotchkiss); (ii) S-II15, a noncapsulated mutant strain derived from an SIII-N transformant isolated after transformation of strain S-III4 with the DNA from strain S-III3; (iii) S-III6, a noncapsulated mutant strain derived from an SIII-N transformant isolated from the transformation of strain S-III4 with the DNA from strain S-III2; (iv) S-III8, a noncapsulated mutant strain derived from an SIII-N transformant isolated from the transformation of strain S-III1 with the DNA from strain S-III4. Each of the S_III strains is genetically different from the others and from the strains from which they were derived.
(i) S-v, a noncapsulated mutant of a wild-type V strain, strain V 497; (ii) S (8) .
Growth of competent cells. Cells to be used as recipients were grown overnight in Neopeptone (Difco)-beef heart infusion broth (Neopeptone broth) containing defibrinated rabbit's blood. In the morning, two tubes, each containing 10 ml of CH medium (7), were inoculated with 0.5 or 0.75 ml of the supernatant fluid of the unagitated blood broth culture, and were incubated in a candle jar for 2.5 to 3 hr at 37 C. Samples of cultures reaching a density of 0.05 to 0.07 units in this time period were cooled to 25 C for 15 min to synchronize division of the cells (6) . Optical densities were determined in a Beckman DU spectrophotometer at a wavelength of 650 m,u. The cultures were then diluted to 0.016 density units per ml, and 0.1 ml of the diluted culture was used as an inoculum for each 2.0 ml of medium in the transformation tube. In a few experiments, frozen competent cells were used as recipients for transformation. The method of preparing the cells was that of Fox and Hotchkiss (5) , modified as follows. The cells were grown in the same manner as described in the preceding paragraph, but, when the desired turbidity was reached, glycerol was added to a final concentration of 15% (v/v). The cultures were incubated further for 15 min in air at 37 C and were then frozen in 1-to 2-ml portions. For transformation, 0.1 ml of the thawed suspension was incubated in 2 ml of medium for 15 min at 32 C before addition of DNA.
Transformation. Unless otherwise noted, transformations were carried out in Neopeptone broth containing 5% heated normal human plasma. For most of the experiments to be described, cells were incubated with saturating concentrations of DNA at 32 C for 30 min. Deoxyribonuclease was then added in excess; thereafter, the tubes were incubated at 37 C for 3 min. Control tubes either lacked DNA or contained DNA that had been incubated with deoxyribonuclease for 3 min at 37 C before inoculation of the tube with competent cells.
The method employed for estimating numbers of transformants is similar in principle to that described by Stocker, Krauss, and MacLeod (13) . After incubation with deoxyribonuclease, 0.1-ml samples of an appropriate dilution of the transformed culture were transferred to tubes containing 1 ml of Neopeptone broth and agglutinins for noncapsulated cells (anti-R broth). In some instances, normal human plasma was used as a source of R agglutinins; in others, sera from rabbits immunized with pneumococcus, strain R6, were employed. In pilot experiments and in experiments in which qualitative differences were sought, 0.1-ml samples were transferred to 10 tubes containing anti-R broth. In experiments in which the frequency of transformation was to be estimated quantitatively, each of 50 tubes of anti-R broth was inoculated with 0.1 ml from a suitable dilution of the transformed culture so that most of the anti-R tubes received no transformed cells. When S-_II cells were exposed for only a short time to DNA from SI strains and samples from the transformation tube were transferred immediately to anti-R broth, it was found that transformation to the SI phenotype occurred much more frequently than did transformation to SI-III. In preliminary experiments, SI-III transformants could be found only in undiluted samplings from the transformation tube, or in low dilutions thereof; SI cells were found in samples at much higher dilution. Although SI cells were found in most tubes in which SI-III transformants were found, there was no difficulty in scoring for SI-III cells, because the latter tended to outgrow SI cells in broth and to give rise on blood-agar to very much larger and more mucoid colonies than did SI cells. SI transformants were scored at dilutions at which no SI-III transformants were found.
In Table 1 are set forth the results of two representative experiments with the same recipient strain and the same preparation of DNA. It can be seen that the ratio of SI to SI-III transformants varied from one experiment to another and differed even in duplicate tubes in the same experiment. The variation of the ratio in duplicate tubes, however, was always less than two. In many experiments in which four genotypically different strains of S_-II were used as recipients and saturating concentrations of DNA from five different wild-type SI strains were used as donors, the same results were found: SI transformants were recovered from 20 to 60 times as frequently as SI-III transformants.
Activity ofDNA from SI and SI-Ill transformants on S_JII cells. As pointed out in a previous publication (2), the SI transformants recovered from the transformation of S-iIr cells behave like wild-type SI bacteria in that their DNA will transform any S-_II recipient to SI and SI-III phenotypes in the same ratio as does the DNA of the original donor strain. DNA from S-_II cells transformed to SI will not transform heterologous S-NJ cells to SIII, an observation indicating that the transformed cells have lost the S-_iI genome of the original recipient line. SI-III cells carry two capsular genomes: that of the S-III or Sll recipient and that of the SI donor strain. DNA from these strains can transform S-IjI cells to either of two phenotypes, depending upon both the recipient strain used and the particular SI-Ir donor. The DNA preparations of 11 of 13 SI-III strains that have been examined intensively conform to a single pattern and will be discussed here. The two exceptions will be described in a separate paper. SI-III strains are able to synthesize type III polysaccharide not because the mutated S-1I locus of the recipient cell has been repaired, but because the SI capsular genome governs the production of the enzyme which is lacking in these strains (2) . The specific mutation in the type m capsular genome is recognizable in SI-IlI cells through transformation reactions. If strain S-1115 is transformed to SI-III by DNA from a type I pneumococcus, DNA from this strain will transform its parent strain, S III5, only to SI-III. The same DNA, however, will transform all other S_]II strains to SIII-N and SI-III. Table 3 are presented the results of experiments with DNA from a wild-type I strain, from wild-type SI transformants, and from "atypical" SI transformants. In Table 4 , the results of a large-scale experiment with DNA from an "atypical" SI strain are set forth. The and that "atypical" SI phenotypes were geno- The data presented so far indicate that, in preparations of DNA from wild-type I pneumococci, there were two kinds of fragments carrying information for the production of type I polysaccharide. The capsular genome was usually carried on a particle of DNA that participated in an exchange reaction with the resident DNA of the cell. A lesser fraction of genetic material carrying information for the production of type I polysaccharide resided in fragments of DNA that added on to the recipient chromosome to give binary cells. Once this latter form of DNA was selected in SI-III transformants, it was reproduced as such and could be passed back and forth among S-r, S-II, S-v, and S-vm recipients, presumably through an unlimited number of transformation reactions. When S-I cells were transformed with DNA of S-IIIIA (SI-III) or S-11V-strains, however, the SI capsular genome participated in a recombination reaction with the mutated S-I locus of the recipient cell to give rise to fully capsulated SI cells which were of the wild type. Examples of this latter reaction are illustrated in Table 3 (line 2, experiment 3, and in experiment 4) .
All of the pneumococcal types so far discussed had either a glucuronic or galacturonic acid moiety as a constituent of the capsular polysaccharide. The synthesis of glucuronic and galacturonic acids in pneumococcus is known to occur via a common pathway (2) Tables 6 and 7 .
The experiments reported so far have concerned only the SI-III binary system. Similar results were obtained in a study of the SIII-XXXIII system. The DNA preparations of SIII-XXXIII strains behaved in a way analogous to those of SI-III strains in their reactions with homologous and heterologous S-III recipient strains.
It was found also that the DNA from S-r cells transformed to type XXXIII with DNA of SIII-XXXIII strains will transform all S-m strains tested exclusively to SIII-XXXIII. With the aid of nucleotide markers, it was established that S-I, cells transformed to SXXXIII with DNA of wild-type XXXIII strains participated in an exchange reaction, whereas the same recipient transformed to SXXXIII with DNA from SIII-XXXIII strains underwent an addition reaction and was genotypically binary. Chromatogranms of the nucleotides of two strains are presented in Fig. 1 .
Stability of binary strains. The binary strains described in this communication were notably stable and have been carried as stock cultures in the laboratory for many years. From time to time, in subcultures of SI-III strains, vanant colonial types have been seen; it has been necessary, occasionally, to select clones to maintain the binary strain. The variant colonies arising spontaneously were identified phenotypically as either SI clones or as clones the cells of which evince a very small Neufeld Quellung reaction with type III antiserum [SMI-1 of Ephrussi-Taylor (4)J. Transformations carried out with DNA prepared from either of these variant types, however, have always indicated that each kind of variant is still carrying at least part of both the SI and S-In genomes. DNA from the SI phenocopy transformed to SI-III the S-II strain which was. the recipient in the transformation reaction yielding the SI-III strain, from which the SI phenocopy QUALITATIVE DIFFERENCES IN TRANSFORMING DNA TABLE 7 . Qualitative experiments to determine the genotype of transformants recovered from transformations shown in Table 6 Results 
Recipient

DISCUSSION
In most intertype capsular transformation reactions of pneumococcus, the capsular genome is exchanged as a unit between donor DNA and recipient cell, even though both capsular genomes may include several cistrons. The capsular genome controlling the synthesis of type I polysaccharide, for example, must govern the production of a minimum of three enzymes. One of these enzymes, uridine diphosphate glucose dehydrogenase, is the enzyme missing from the S-m mutants discussed in this report as well as those described in previous publications (1, 2) . If intracistronic recombination occurred between the DNA from a type I donor strain and the chromosome of an S-rII recipient strain in the locus controlling production of this enzyme, type SIII-N transformants would result. Type SIII-N transformants would be found also if the DNA of this locus only were to be added on to the recipient chromosome. In reactions of DNA from type I strains and 23 genetically distinct SIII strains, type S1-N transformants have never been recovered. Because the type I capsular genome is transferred to SI transformants without undergoing fragmentation or intracistronic recombination with the recipient chromosome, the replicated capsular genome can be reisolated apparently unaltered and followed through many sequential transformation reactions. By following a sequence of reactions such as that outlined in Table 8 , it was possible to determine that the several cistrons governing the synthesis of type I polysaccharide may exist in some fragments of DNA which react qualitatively in a different manner from other fragments carrying the same markers. Whether an S-In recipient cell is transformed to the SI or to the SI-III phenotype depends on the kind of fragment which is incorporated into a particular cell.
If DNA is extracted from wild-type I cells, most of the SI markers are associated with fragments of DNA that allow the capsular genome to participate in an exchange reaction with the capsular genome of the recipient cell. It is not known how much more DNA than that of the capsular genome is involved in the genetic exchange, nor is it known whether the pairing, which presumably precedes the recombinational event, is due to partial homology of the DNA of the two different capsular genomes (donor and recipient) or to homologies of DNA outside the area of the capsular genome, although the latter seems the more probable. The SI transformants which arise after the genetic exchange appear devoid of all capsular attributes of the capsular type of the recipient parent and behave, as far as capsule is concerned, like truly wild-type I strains. However, other properties of the transformed strain, such as growth rate or production of hemolysin, are usually characteristic of the recipient parent strain. The DNA from such transformant SI strains behaves like that from wild-type I strains in that the capsular genome continues to be associated chiefly with fragments that allow participation in an exchange reaction.
A minority of SI markers in the DNA from wild-type I strains is associated with fragments which do not allow exchange with the capsular genome of recipient cells. Because of the ability of the SI genome to complement the mutation in the uridine diphosphate glucose dehydrogenase cistron of the S-IU genome, such fragments of 330 VOL 9, 167 QUALITATIVE DIFFERENCES IN TRANSFORMING DNA31 In DNA preparations from binary strains, the SI capsular genome would reside in fragments with outside markers different from normal. As illustrated in Fig. 2 , these markers would be N and 0, P, Q, and, in the large majority of transformants resulting from reactions with such DNA, the SI genome would be expected to lie between these markers. The transformed cells would be binaries.
